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Electromagnetically induced transparency (EIT) and Aulter-Townes splitting (ATS) are two simi-
lar yet distinct phenomena that modify the transmission of a weak probe field through an absorption
medium in the presence of a coupling field, featured in a variety of three-level atomic systems. In
many applications it is important to distinguish EIT from ATS splitting. We present EIT and ATS
spectra in a cold-atom three-level cascade system, involving the 35S1/2 Rydberg state of cesium.
The EIT linewidth, γEIT , defined as the full width at half maximum (FWHM), and the ATS split-
ting, γATS , defined as the peak-to-peak distance between AT peak pairs, are used to delineate the
EIT and ATS regimes and to characterize the transition between the regimes. In the cold-atom
medium, in the weak-coupler (EIT) regime γEIT ≈ A + B(Ω
2
c + Ω
2
p)/Γeg, where Ωc and Ωp are the
coupler and probe Rabi frequencies, Γeg is the spontaneous decay rate of the intermediate 6P3/2
level, and parameters A and B that depend on the laser linewidth. We explore the transition into
the strong-coupler (ATS) regime, which is characterized by the linear relation γATS ≈ Ωc. The
experiments are in agreement with numerical solutions of the Master equation.
PACS numbers: 32.80.Ee, 42.50.Gy, 42.50.Hz, 32.60.+i
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I. INTRODUCTION
Electromagnetically induced transparency (EIT) [1] is
a quantum interference effect in which the absorption of
a weak probe laser, interacting resonantly with an atomic
transition, is reduced in the presence of a coupling laser.
EIT is, for instance, crucial in optically controlled slow-
ing of light [2] and optical storage [3]. Aulter-Townes
splitting (ATS) [4], a linear (resonant) AC Stark effect
proposed by Aulter and Townes, was observed originally
in the microwave and later the light domain. EIT and
ATS have been extensively investigated experimentally
and theoretically in Λ-, V− and cascade-type three-level
atoms [1, 5–9]. Holloway et al. [10] have investigated
the relationship between the Rabi frequency of resonant
RF transitions between Rydberg states and the resultant
ATS splitting in Rydberg-EIT spectra measured in room-
temperature atomic vapor. While EIT and ATS may
phenomenologically look similar, they are different in na-
ture, leading to an interest in the establishment of criteria
to discern them. Anisimov et al. [8] propose an objec-
tive method based on Akaike’s information criterion, to
discern ATS from EIT in experimental data of a Λ-type
three-level atom, also applicable to an upper-level-driven
Ξ-type case. In [9] a threshold between EIT and ATS,
Ωt, is introduced that is defined via polarization decay
rates. According to this threshold, ATS (two resonances
with a gap in between) is observed in four different three-
∗Corresponding author: zhaojm@sxu.edu.cn
level systems in a strong-coupling-field regime (Ωc / Ωt
> 1). EIT (transparency due to destructive interference)
is observed only in Λ- and cascade-EIT configurations
in a weak-coupling-field regime (Ωc / Ωt < 1). Both
Refs. [8, 9] are for systems that are free of Doppler ef-
fects.
In the present experimental and theoretical study, we
focus on cold-atom cascade EIT and ATS in a magneto-
optical trap (MOT), with a Rydberg upper-level state.
Cold-atom clouds exhibit a cleaner transition between
EIT and ATS than room-temperature atomic vapor be-
cause cold atoms are often free of significant Doppler mis-
match between coupler and probe fields. In contrast, the
Doppler mismatch strongly affects linewidths in vapor-
cell EIT and ATS spectra [10]. Our analysis, which ac-
counts for any residual Doppler mismatch, leads to read-
ily accessible criteria to distinguish cold-atom EIT from
ATS. In our work we use a variation of cascade systems,
Rydberg-EIT, that was first observed in a vapor cell [11]
and later in a rubidium MOT [12]. Rydberg-EIT has
been used to realize a single-photon transistor [13] and
a single-photon source [14, 15] by employing the block-
ade effect [16–18], which results from strong interactions
between Rydberg atoms. ATS involving Rydberg atoms
has also been investigated in rubidium [19, 20] and ce-
sium [21, 22]. Here we study the dependence of the
Rydberg-EIT linewidth and the ATS in a cesium MOT
on the Rabi frequencies of the probe and coupling tran-
sitions.
2II. THEORETICAL MODEL
We consider the cesium cascade three-level system
shown in Fig. 1(a). The coupling laser drives the up-
per transition, |6P3/2,F’= 5〉 (|2〉) → |35S1/2〉 (|3〉). The
weak probe laser couples the lower transition, |6S1/2,F=
4〉 (|1〉) → |6P3/2,F’= 5〉 (|2〉). The respective wave-
lengths and Rabi frequencies are λc and Ωc, and λp and
Ωp. In the rotating-wave approximation and the field pic-
ture, the Hamiltonian of the three-level atom represented
in the space {|1〉 , |2〉 , |3〉} is
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FIG. 1: (color online) (a) Scheme of the cascade three-level
atom. The coupling laser is resonant with the Rydberg transi-
tion, |6P3/2,F’= 5〉 (|2〉)→ |35S1/2〉 (|3〉) (wavelength 510 nm,
Rabi frequency Ωc). The weak probe beam (wavelength
852 nm, Rabi frequency Ωp) is referenced to the transition
|6S1/2, F = 4〉 (|1〉) → |6P3/2,F’= 5〉 (|2〉) using a Doppler-
free polarization-spectroscopy setup, and is scanned over the
resonance. (b) Sketch of the experimental setup. The laser
beams are separated via a dichroic mirror (not shown), and
the probe light is detected using a single-photon counter mod-
ule (SPCM).
H =
~
2


0 Ωp 0
Ωp −2∆p Ωc
0 Ωc −2(∆p +∆c)

 , (1)
where ∆c and ∆p are the detunings of the coupling and
probe beams, respectively. To account for decay and de-
phasing, the system is described using the Lindblad equa-
tion for the density matrix ρ,
ρ˙ = −
i
~
[H, ρ] + L (2)
where L is the Lindblad operator that accounts for the
decay processes in the atom. In the space {|1〉 , |2〉 , |3〉},
L becomes [23]
L =


Γegρ22 −
1
2
γ2ρ12 −
1
2
γ3ρ13
− 1
2
γ2ρ21 −Γegρ22 + Γreρ33 −
1
2
(γ2 + γ3)ρ23
− 1
2
γ3ρ31 −
1
2
(γ2 + γ3)ρ32 −Γreρ33

 ,
(3)
where γ2 and γ3 are the dephasing rates of the inter-
mediate and Rydberg states, respectively. It is γ2 = γe
+ Γeg, where γe is a collision-induced dephasing rate of
level |2〉, and γe ≪ Γeg = 2π× 5.2 MHz. Further, γ3 = γr
+ Γre. For the Rydberg level the population decay rate
Γre is, typically, smaller than the dephasing γr, because
Rydberg-atom lifetimes are long (lifetimes are ∼ n3 and
on the order of 100 µs) and interactions between Ryd-
berg atoms in cold-atom clouds are often strong (van der
Waals interactions scale as n11).
The spectrum is given by the probe-power transmis-
sion, P = P0 exp(−αL), with the probe-laser absorption
coefficient, α = 2πIm(χ)/λp, the MOT size, L, and the
susceptibility of the medium seen by the probe laser, χ.
The susceptibility, χ, is
χ =
2Nµ12
Epǫ0
ρ12, (4)
where N is the average atomic density, µ12 is the dipole
moment of transition |1〉 → |2〉, Ep is the amplitude of
the probe, ǫ0 is the vacuum permittivity, and ρ12 is the
density matrix element between |1〉 and |2〉.
We numerically solve the Eqs. (1)-(3) to obtain the
steady-state absorption coefficient α for a range of val-
ues of Ωc and Ωp. The result is averaged over the thermal
velocity distribution in the gas [10]; under our conditions
(T = 100 to 200 µK) the thermal motion is not very im-
portant. In the calculation we also assume γr = 0, which
is admissible due to our very low experimental probe in-
tensities and the low principal quantum number of the
utilized Rydberg state. In Fig. 2(a) and (b) we show α as
a function of Ωc and ∆p, for fixed Ωp = 2π× 1.05 MHz
and ∆c = 0. The left spectrum in Fig. 2(a) is in the
EIT regime, where Ωp . Ωc = 2π × 2.03 MHz < Γeg.
In the EIT case, the width of the EIT window is most
appropriately described by the full width at half max-
imum (FWHM) of the dip in absorption, γEIT , which
fills a small fraction of the natural linewidth of the probe
transition. The right curve in Fig. 2(a) is for Ωc =
2π × 13.01 MHz, which is > Γeg and therefore in the
Autler-Townes regime. In that regime, the behavior is
more appropriately described by the peak-to-peak spac-
ing of the line pair, γATS . As seen in Figs. 2(a) and (b),
in the weak-probe limit and for ∆c = 0, in the AT regime
the peaks tend to have a width of Γ/2 = 2π × 2.6 MHz,
as the Rydberg states are very long-lived (Γre ≪ Γeg)
and do not contribute to the width of the AT peaks, and
the spacing γATS ≈ Ωc.
In Fig. 2(c) we show the calculated γEIT as a function
of Ωc and Ωp. In the EIT domain, outlined by the dashed
quarter-circle in Fig. 2(c), γEIT ≈ (Ω
2
c + Ω
2
p)/Γ. It is
noted that in hot gases γEIT tends to be much larger, in
particular in weak coupler and probe fields, and follows
a different scaling. This is due to the difference between
coupler and probe wavelengths and the generally large
size of the Doppler shifts (see [10] and references therein).
Figure 2(c) also shows that in the AT regime, character-
ized by Ωc & Γeg, it is γATS ≈ Ωc, largely independent of
Ωp. The transition between the EIT (weak coupler) and
3ATS (strong coupler) regimes occurs at Ωc ∼ Γge. Sim-
ilar calculations can be performed at any atom temper-
ature [10], and for both cascade and Λ-type three-level
atoms. In the hot-atom cases, the difference between
coupler and probe wavelengths typically determines the
visibilities and detailed shapes of EIT and ATS spectra.
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FIG. 2: (color online) (a) Calculations of the probe absorp-
tion coefficient of cold cesium atoms in a MOT, α, for Ωp
= 2pi × 1.05 MHz and Ωc = 2pi × 2.03 MHz (left) and
2pi × 13.01 MHz (right), atom density 1010cm−3 and vanish-
ing laser line width. The FHWM of the EIT window, γEIT ,
and the ATS, γATS , are defined as shown. (b) Same calcula-
tion as in (a) for Ωc ranging from 2pi×0.5 MHz to 2pi×16 MHz.
The cuts along the horizontal dashed lines correspond to the
spectra shown in (a). (c) Calculated γEIT as a function
of Ωp and Ωc. Within the displayed parameter space, the
EIT regime is found in the lower-left corner. In that regime,
γEIT ≈ (Ω
2
c +Ω
2
p)/Γeg . Γeg , i.e. γEIT is approximately pro-
portional to the sum of the squares of the Rabi frequencies.
In the strong-coupler limit, Ωc > Γeg, both γEIT and γATS
follow a linear dependence on Ωc and γATS ≈ Ωc. This is the
Autler-Townes regime.
III. EXPERIMENTAL MEASUREMENT
The EIT and ATS experiments are performed in a
magneto-optical trap (MOT) with temperature∼ 100 µK
and atomic density ∼ 1010 cm−3. The coupling and
probe lasers have linear and parallel polarizations and
counter-propagate through the cold-atom cloud, as seen
in Fig. 1(b). The details of the experiment have been
described previously [24]. The probe beam is derived
from a diode laser (DLpro, Toptica) that is locked to
the ground-state transition, |1〉 → |2〉, using polarization
spectroscopy [25]; the beam has a Gaussian waist ωp0
= 10 µm at the MOT center. The strong coupling laser
(Toptica TA-SHG110) has a Gaussian waist ωc0 = 30 µm
and drives the Rydberg transition |2〉 → |3〉. The fre-
quency of the coupling laser is stabilized to the Rydberg
transition using a Rydberg-EIT signal obtained from a
cesium room-temperature vapor cell [26]. In each ex-
perimental cycle, after turning off the trap beams, we
switch on the coupling and probe lasers for 25 µs. Dur-
ing the probe pulse the probe-laser frequency is swept
across the |6S1/2, F = 4〉 → |6P3/2, F = 5〉 transition us-
ing a double-pass acousto-optic modulator (AOM) over
a range of ±10 MHz relative to the transition center.
In order to avoid Rydberg excitation blockade and in-
teraction effects, and to be able to reach high coupling
Rabi frequencies, Ωc, we have chosen a low principal
quantum number n (35S1/2). Further, to ensure that
radiation pressure [24, 27] has a negligible effect on the
EIT and ATS spectral profiles, we use a very low probe
power, P852 = 200 pW, and a single-photon counter mod-
ule (SPCM) for probe-light detection. Under these con-
ditions, the radiation-pressure-induced velocity change
during the probe pulse has an upper limit of ≈ 7 cm/s,
corresponding to Doppler shifts < 100 kHz (which is neg-
ligible in the present work). The EIT and ATS spectra
are recorded using a data acquisition card (NI-PCI-6542)
and processed with a Labview program.
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FIG. 3: (color online) Measurements of EIT and ATS absorp-
tion spectra for Ωp = 2pi × 1.05 MHz and the indicated Rabi
frequencies of the coupling laser, Ωc = 2pi × 0 MHz (top),
6.26 MHz (middle) and 13.8 MHz (bottom). The solid lines
show the results of Lorentzian multi-peak fits. The coupler-
free linewith (top curve) is 2pi× (4.53 ± 0.29) MHz, which is
close to the expected value of 2pi× 5.2 MHz. The FWHM EIT
linewidth, γEIT , and the ATS, γATS, are obtained from the fit
functions, as indicated. The depth of the EIT dip (or, in the
ATS regime, the depth of the valley between the AT peaks),
H , is defined as the difference between the peak absorption,
averaged over the two peaks, and the absorption minimum
between the peaks.
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FIG. 4: Measurements (symbols) and calculations (solid
lines) of the γATS and γEIT as a function of Ωc for Ωp =
2pi × 1.05 MHz and probe/coupling duration 25 µs (hollow)
and 100 µs (filled). In the calculation, the laser linewidth is
2pi × 1.5 MHz (bold solid lines) and 0 (thin solid lines). The
black thin dashed line shows a fit to the experimental data;
the fit function is γEIT ≈ A+B(Ω
2
c +Ω
2
p)/Γeg with A = 2pi×
(1.42 ± 0.10) MHz and B = 0.44 ± 0.03.
The absorption coefficient, α, is obtained from the
measured SPCM count number, P (∆p), and the off-
resonant (absorption-free) count number, P0, using the
relation αL = − ln(P (∆p)/P0), where L is the effective
MOT diameter along the probe beam path. In Fig. 3, we
present EIT and ATS sample spectra that explain our
linewidth parameters. The EIT linewidth, γEIT , is de-
fined as the full width at half maximum (FWHM) of the
absorption minimum measured as a function of probe-
laser frequency, while the ATS, γATS , is defined as the
distance between the centers of the two AT absorption
peaks. Using these definitions, we have determined γEIT
and γATS over a range of the coupling Rabi frequency
Ωc, for fixed Ωp. In Fig. 4 we show the measured (hollow
symbols) and calculated (lines) results for γEIT and γATS
versus Ωc. The calculated values are obtained in a way
analogous to Fig. 3. To account for laser frequency jitter,
the calculated spectra are convoluted with a Gaussian of
1.5 MHz FWHM before determination of γEIT and γATS
(also see discussion of Fig. 5 below).
We first discuss γATS . In the AT regime, Ωc & Γeg, it is
γATS ≈ Ωc (see dashed line in Fig. 4). In the EIT regime,
Ωc . Γeg, the peak-to-peak splitting γATS > Ωc. The
spectral broadening due to the laser linewidth generally
enhances this trend, because the outer wings of the split
lines are wider than the inside wings, hence the spectral
averaging pulls the line centers outward (see Fig. 2). Due
to the laser linewidth and other broadening mechanisms,
the absorption minimum at ∆p = 0 disappears entirely
when Ωc drops below a critical value, which is ≈ 2π ×
2 MHz in our case. A similar nonlinear behavior of AT
splitting is observed in Ref. [10], where an RF-induced
ATS is used to measure a microwave electric field. Here,
the calculations for 1.5 MHz FWHM laser linewidth (bold
solid lines in Fig. 4) reproduce the measurements best.
We also show a similar measurement with 100-µs
probe- and coupler-pulse sweeps (filled squares in Fig. 4).
It is seen that γATS for the longer pulses is less than in the
25-µs case. We attribute the reduction in γATS in part
to dephasing caused by Rydberg-atom interactions [22].
Longer pulses will generally lead to a higher Rydberg-
atom number in the atom-field interaction volume, caus-
ing dephasing by Rydberg-Rydberg interactions. Longer
times will also increase the likelihood of Penning and
thermal ionization. Any ions in the sample would con-
tribute to Rydberg-level dephasing via the ion electric
fields. Also, for the long pulses radiation pressure will
have an enhanced broadening effect that tends to reduce
γATS (up to several 100 kHz).
In the EIT domain, Ωc . Γeg, the EIT linewidth γEIT
in Fig. 4 exhibits a quadratic behavior, as expected from
Fig. 2(c). Here, we find that in the EIT domain the ex-
perimental data are fit quite well by an equation γEIT ≈
A+B(Ω2c +Ω
2
p)/Γeg, as shown by the black dashed line.
The fitting parameters are A = 2π × (1.42 ± 0.10) MHz
and B = 0.44 ± 0.03. The laser-linewidth-induced line
broadening of the EIT spectra reduces the pre-factor B
to a value significantly below its ideal value of ≈ 1, and
it adds an additive constant on the order of the laser
linewidth. In the AT regime, Ωc & Γeg, the measured
FWHM width of the spectral window of reduced absorp-
tion follows a trend γEIT = Ωc − 2π × 3.2 MHz, which
agrees well with the calculation for 1.5 MHz FWHM
laser linewidth. In the absence of laser-line broadening
it would be γEIT = Ωc − Γeg/2 = Ωc − 2π × 2.6 MHz.
Figures 2 and 4 clearly demonstrate the difference be-
tween EIT and ATS. In the EIT regime the value of γEIT
has more physical meaning, whereas in the AT regime
the value of γATS has more physical meaning. In the
EIT regime, Ωc . Γeg, it is γEIT ≃ A + B(Ω
2
c+Ω
2
p)/Γeg,
where for vanishing laser linewidth A→ 0 and B → 1. In
the AT regime, Ωc & Γeg, it is γATS ≃ Ωc. The individ-
ual AT-lines have a minimal width of Γeg/2. Convolution
with the laser line profile leads to some additional broad-
ening. The MOT magnetic field, which is always left on
here, may also contribute to the line broadening. In the
case of Ωp approaching and exceeding Γeg, the AT lines
also become saturation-broadened (this effect is negligi-
ble in our case because Ωp is only 2π × 1.05 MHz). The
more the AT lines are broadened by these effects, the
more the difference γATS − γEIT exceeds its lower limit
of Γeg/2.
We also note that Ωc has a different significance in
the two domains. In the ATS regime Ωc splits the
lines but does not broaden them, whereas in the EIT
regime Ωc broadens the EIT linewidth (γEIT increases
with (Ω2c + Ω
2
p)). Conversely, laser linewidth and other
broadening mechanisms also have a different significance
in the two domains. In the EIT domain the broaden-
ing affects the parameters in the fit function γEIT ≃ A
+ B(Ω2c + Ω
2
p)/Γeg (A = 0 and B = 1 in the absence
5of broadening). In the ATS domain the broadening has
comparatively little effect on γATS .
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FIG. 5: Measurements (symbols) and calculations (black solid
lines) of the EIT depth, H , defined in Fig. 3, vs Ωc for Ωp =
2pi × 1.05 MHz. The upper atomic level is the 35S1/2 state.
The FWHM laser linewidths in the calculations range from 0
to 2.5 MHz. The line for 1.5 MHz laser linewidth reproduces
the experimental data best.
An important measure for any practical application of
EIT is the depth of the EIT line, H , defined as the differ-
ence between the absorption coefficients on the peaks and
at the center of the EIT dip (see middle curve in Fig. 3).
The depth H increases with Ωc in the EIT regime and
plateaus at a laser-linewidth-dependent maximal value
in the ATS regime, as shown by the calculated curves in
Fig. 5. Assuming a FWHM laser linewidth of 1.5 MHz,
we achieve a good agreement between experiment and
calculation. This best-fit laser linewidth agrees well with
manufacturer estimates for the utilized laser systems.
IV. CONCLUSION
We have presented measured and calculated cold-atom
EIT and AT absorption spectra of a cascade three-level
atom involving the 35S1/2 Rydberg state. The measure-
ments show good agreement with calculations. The spec-
tra exhibit two regimes, an EIT regime for weak Ωc and
an ATS regime for large Ωc. While similar in appearance,
the EIT and AT spectra are different in physical inter-
pretation [8, 9]. We have defined widths γEIT and γATS
that help making the distinction between EIT and ATS.
We find γEIT = A + B((Ω
2
c + Ω
2
p)/Γeg) when Ωc . Γeg
(the cold-atom EIT regime); the parameters A and B de-
pend on broadening due to laser linewidth etc. In the AT
regime, Ωc & Γeg, it is γATS = Ωc and γEIT = γATS−C,
with a constant C & Γeg/2; the lower limit of C is real-
ized in the absence of broadening due to laser linewidth
etc.
Clear criteria to distinguish between EIT and ATS are
valuable in a wide variety of atomic-physics, quantum-
optics and quantum information applications of these
schemes. The distinction of EIT from ATS is gener-
ally important in understanding the quantum physics
of atom-light interaction. The details of ATS split-
ting and line broadening effects are especially important
in applications that deal with quantitative, atom-based
microwave field measurements using Rydberg-EIT and
microwave-coupled ATS [10, 28]. Cold-atom, narrow-
linewidth EIT and ATS are helpful in improving the ac-
curacy and resolution of the atom-based field measure-
ments.
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